Abstract Drip irrigation systems have been widely applied in semiarid and arid regions of China. However, little is known about the migration of heavy metals in cultivated soil under drip irrigation. Therefore, the concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in soil were determined. The mean contents of Cd, Cr, Cu, Pb, Zn, and Ni in surface soil subjected to irrigation with low and high amounts of water (W1 and W2) were 0.11, 117.50, 37.51, 13.53, 78.10, and 38.41 mg/kg and 0.20, 94.45, 29.71, 22.48, 63.00, and 36.62 mg/kg, respectively. Metal concentrations in deep soil varied slightly between W1 and W2. Among different distances from the dropper, the metal levels in surface soil varied widely, while they varied slightly in deep soil. The I geo (geo-accumulation index) values indicated that the soil was usually contaminated by Cr, Cu, and Cd. Under W1, Cd and Cu usually accumulated in surface soil near the dropper, while the other metals leached into subsurface soil. Moreover, the metals generally accumulated in soil away from the dropper. However, significant leaching of metals to the subsurface and deep soil was observed near the dropper under W2. Away from the dropper, Cd, Cr, Cu, Ni, and Pb usually accumulated in surface and deep soil. This suggested that heavy metals generally migrated to the soil away from the dropper when subjected to lower amounts of irrigation, while metals usually moved to surface soil and deep soil under high irrigation amounts. These findings indicate that drip irrigation greatly affected the distribution and migration of heavy metals in soil, with irrigation with lower amounts of irrigation water significantly affecting the horizontal migration of heavy metals and higher amounts influencing the vertical movement of heavy metals.
Introduction
Drip irrigation systems have increasingly been used to supply irrigation water, fertilizers, and pesticides to a wide range of vegetables, field crops, and fruit trees due to their ability to enable highly localized application of water and nutrients to crops (Kandelous et al. 2011; Selim et al. 2013 ). Many investigations have been conducted to investigate the migration characteristics of water and salt in soil under drip irrigation. Variations of water content in surface soil were found to be larger under drip irrigation than under flood and furrow irrigation. For example, a half-conical humid area around the periphery was formed under drip irrigation, while a Ushaped humid area around the periphery was formed under furrow irrigation . Drip irrigation significantly impacted the distribution of salt in soil; however, salt content in the deep soil layer was only slightly influenced (Hu et al. 2011) . Spatially, the accumulation of salt in the vertical direction gradually increased at 0-80 cm and then slightly increased at 80-120 cm under drip irrigation (Hu et al. 2011) . The accumulation of salt in the horizontal direction was greater at the center of open ground than in the other position. Salt rarely accumulated under the drop tap (Maimaitiniyazi et al. 2011) . Liu et al. (2013) reported that drip irrigation strongly affected the distributions and changes of water and salts in soil. Salts obviously accumulated in the 0-to 60-cm soil layer, particularly in the 20-to 60-cm soil layer, while salt content in the 60-to 100-cm soil layer varied slightly. Moreover, salts accumulated in the 0-to 60-cm soil layer were usually leached into deeper soil layers after the 150-mm winter irrigation and thawing during the following next spring. The distributions of water and salts in soil under drip irrigation were usually affected by irrigation amount. A greater amount of irrigation water induced a significantly lower accumulation of soil salts (Guan et al. 2013) . Distribution of water in the soil profile under drip irrigation was affected by the distance from the drippers (Badr and Abuarab 2013) . The distribution and transportation of water and salt in the soil profile were also significantly influenced by drip tape arrangement (Liu et al. 2012) . Furthermore, the distribution of salt in soil varied widely with different reclaimed years under drip irrigation (Tan et al. 2009 ).
In recent years, increasing attention has been focused on heavy metal contamination in the environment because of their toxicity (Koedrith et al. 2013; Soodan et al. 2014; Soltani et al. 2015; . Metals are particularly hazardous because of their ubiquity, toxicity, and persistence (Burges et al. 2015; Luo et al. 2015) . Heavy metals in agricultural soil enter the human body via the food chain, after which they induce a series of health effects (Al-Hwaiti and AlKhashman 2015; Cheraghi et al. 2012; Rai et al. 2015; Savic et al. 2015) . For instance, intake of Pb was found to damage the nervous, skeletal, circulatory, enzyme, endocrine, and immune systems of humans (Zhang et al. 2012) . Additionally, chronic exposure to Cd and As induced malignancy, benign prostatic hyperplasia, hypertension, skin lesions, skin cancer, vascular diseases, and nervous system diseases (Yang et al. 2002; Żukowska and Biziuk 2008) . Moreover, many investigations have reported that irrigation and fertilizer caused heavy metal contamination in soil (Baldantoni et al. 2010; Negreanu et al. 2012; Surdyk et al. 2010; Wei and Yang 2010; Zhou et al. 2014) . Cheraghi et al. (2012) suggested that long-term application of phosphatic fertilizer induced cadmium contamination in soil. Irrigation usually changes the physical and chemical properties of soil (Fonseca et al. 2005) , as well as the migration, species, bioavailability, and leaching of heavy metals in soil (Qiao et al. 2011) . These results imply that drip irrigation may induce a unique distribution of heavy metals in soil, as well as their migration patterns, which may affect food security.
However, most investigations conducted to date have focused on migration and distribution of water and salts in cultivated soil under drip irrigation, while few have evaluated the migration of heavy metals. Moreover, little is known about the migration and distribution of heavy metals in soils impacted by drip irrigation. Therefore, the present study was conducted to (1) determine the concentrations of Cd, Cu, Cr, Ni, Pb, and Zn in soil under drip irrigation, (2) evaluate contamination levels of heavy metals, and (3) investigate the distributions of heavy metals in soil profiles.
Materials and methods

Study area
Pingluo County located in the arid region of Ningxia, China, was selected for the study area (Fig. 1) . Pingluo is characterized by a temperate continental and arid climate with an average annual precipitation of 184 mm. At present, approximately 900 km 2 of cultivated land in the region is irrigated by drip irrigation.
Sampling
In the study area, different irrigation water amounts were used to irrigate the cultivated land planting with maize. The migration patterns of heavy metals in soil may vary widely under different irrigation amounts. Therefore, the distributions of heavy metals in soils that received low water amounts (W1; irrigation water amount=115 mm) and high irrigation water amounts (W2; irrigation water amount=230 mm) were investigated in the present study. Soil samples were collected from soil profiles of areas irrigated with two adjacent droppers under W1 and W2 in September 2013 (Fig. 1) . Each soil sample consisted of a mixture of three subsamples in three soil profiles subjected to each irrigation water amount. About 500 g of soil was collected and gathered into a self-sealing polyethylene bag for each soil sample, after which the samples were transferred to the laboratory for further analysis. 
Sample processing
All soil samples were air-dried to constant weight, after which they were pulverized and passed through a nylon sieve with a diameter of ≤0.149 mm. About 0.1 g of the sieved soil samples were then digested with a 5:2:1 mixture of HNO 3 :H 2 SO 4 :HF and allowed to stand overnight. The solution was then heated at 120°C for 30 min, followed by 150°C for 30 min, 200°C for 30 min, and then 260-270°C for 1 h each. Finally, the digested solution was diluted to 50 ml with deionized water. The samples were then analyzed for Cd, Cr, Cu, Ni, Pb, and Zn by inductively coupled plasma-mass spectrometry (ICP-MS). Quality controls consisted of (1) analysis of 12 random samples and four national standard samples and (2) random selection of samples to ensure that the mean deviation was less than 3 %.
Data analysis
All statistical analyses were performed using Microsoft Excel 2007 and SPSS V18.0 for Windows. Moreover, spatial distribution maps of heavy metal concentrations in the soil profile were generated by Kriging interpolating data using Surfer 10.0.
Methods of heavy metal pollution assessment
The geo-accumulation index (I geo ) introduced by Muller has been used since the late 1960s and has been widely employed in heavy metal studies (Muller 1969; Rajmohan et al. 2014 ). The I geo was used to assess heavy metal contamination in soils by comparing current and pre-industrial concentrations, although it was not always easy to reach pre-industrial sediment layers. It was also used to assess heavy metal pollution in agricultural soil. The geo-accumulation index was expressed as follows (Muller 1969) :
where C n is the concentration of the element in soil and B n is the background value. In this study, the background values of the metals in Ningxia (CNEMC 1990) were selected to calculate the I geo values. The constant 1.5 allows analysis of natural fluctuations in the content of a given substance in the environment and detection of very small anthropogenic influences (Ji et al. 2008) . The geo-accumulation index consisted of seven classes. The following terminologies were used to describe the contamination level of heavy metal: I geo ≤0, practically uncontaminated; 0<I geo ≤1, uncontaminated to moderately contaminated; 1<I geo ≤2, moderately contaminated; 2<I geo ≤3, moderately to heavily contaminated; 3<I geo ≤4, heavily contaminated; 4<I geo ≤5, heavily to extremely contaminated; and I geo >5, extremely contaminated.
Results
Heavy metal in soil The mean concentrations of Cr and Cu in both surface soil and deep soil were usually higher under W1 than W2, while the values of the other metals varied slightly. Additionally, the concentrations of Cr, Cu, Ni, Pb, and Zn in surface soils under both W1 and W2 varied widely among different distances away from the dropper site. The Cd contents in both surface and deep soil varied obviously among distances away from dropper site under both W1 and W2. However, the concentrations of Cr, Cu, Ni, Pb, and Zn in deep soils varied slightly among distances from the dropper site.
I geo for heavy metal in soil
The I geo values for the metals in surface soil under W1 and W2 are shown in Tables 3 and 4. The I geo values for Pb, Zn, and Ni in surface soil under both W1 and W2 were generally lower than 0. The I geo values for Cr and Cu under W1 and Cd and Cr under W2 were usually higher than 0. Moreover, the I geo value for Cd was lower than 0 under W1, while the value was higher than 0 under W2.
Distributions of heavy metals in soil
The distance between adjacent droppers in the study area was 80 cm. Heavy metal concentrations in soil samples from the soil profile (depth, 0-60 cm; distance from dropper, 0-40 cm) were analyzed. The distributions of metal contents in the whole soil profile between the two droppers are presented in the figures. Figure 2 shows the distributions of metals in soil under W1. Higher levels of Cd, Cu, and Zn were observed in surface soil under the dropper area, while the levels of Cr, Ni, and Pb were lower. The concentrations of Cr, Cu, Ni, Pb, and Zn in both surface soil and deep soil were significantly higher in the middle part between adjacent droppers. The highest Cd concentration was found in surface soil and deep soil under the dropper area. In the subsurface soil (10-30 cm) away from the dropper (20-40 cm), the Cd concentration was higher, while it was very low in the other areas. The Cr levels in surface soil and deep soil were generally high in the area away from the dropper and low in other areas, with the lowest values observed in the surface soil. Cu values in surface soil and deep soils near the dropper and in soil away from the dropper were usually higher than in other areas. The highest Ni content was observed in surface soil away from the dropper, while the lowest values were found in subsurface soil near the dropper. The Pb levels in the subsurface soil in the vicinity of the dropper as well as in the surface soil and deep soil away from the dropper were higher than in the other areas. The highest levels of Zn were found in surface soil away from the dropper. Zn contents in surface soil near the dropper were usually higher.
As shown in Fig. 3 , the Cd concentrations in surface soil and deep soil away from the dropper were generally higher than the other parts under W2. The Cr values under the dropper area were obviously lower, while Cr levels in subsurface soil were generally lower than in the other areas. Similarly, lower Cu levels were found in a small area near the dropper. In subsurface soil, the highest Ni concentrations were usually observed. The values in deep soil away from the dropper were higher. In subsurface soil and deep soil, Pb contents were much higher than in other areas. The highest Zn levels were observed in deep soil near the dropper, while low Zn levels were found in surface soil in the vicinity of the dropper. Moreover, the Zn contents were usually lower in soil away from the dropper.
Discussion
Concentrations of Cr and Cu were much higher than the background level in both surface soil and deep soil under W1. These findings indicated that Cr and Cu obviously accumulated in soil from anthropogenic sources. Zn accumulated slightly in the surface soil. The concentrations of other metals in surface soil and deep soil were similar to the background values, indicating little accumulation. The significantly variable metal contents in surface soil among different distances from the dropper area suggested that the distributions of metals might be influenced by transportation of soil water. Under W2, Cd, Cr, Cu, and Zn generally accumulated in both surface soil and deep soil. The metal concentrations in both surface soil and deep soil varied slightly among distances from the dropper.
Higher contents of Cr and Cu and lower levels of Cd were observed in surface soil and deep soil under W1 than W2. These findings indicated that the lower amount of irrigation water might cause higher accumulation of Cr and Cu in both surface soil and deep soil. Higher levels of irrigation water might induce Cd accumulation in soil. Zn usually accumulated in surface soil under W1, which suggests that Zn was obviously accumulated in deep soil under W2. However, Ni accumulation in surface soil and deep soil was hardly affected by the amount of irrigation water.
The I geo values of the metals revealed that Cr and Cu in both surface soil and deep soil under W1 was generally uncontaminated to moderately contaminated (0<I geo ≤1), while Cd, Pb, Zn, and Ni fell into the category of uncontaminated. Under W2, the surface soil and deep soil were uncontaminated to moderately contaminated by Cd and Cr. However, the soil was uncontaminated by Cu, Pb, Zn, and Ni.
The distribution patterns of the determined metals varied widely between W1 and W2. Cd mainly accumulated in surface soil and deep soil near the dropper, as well as in subsurface soil away from the dropper under W1, while Cd was obviously accumulated in surface soil and subsurface soil under W2. These findings suggested that lower irrigation water amount might cause upward Cd migration to the surface soil away from the dropper. With increasing amounts of irrigation water, Cd moved to the surface soil and deep soil away from the dropper. Cr usually migrated from surface soil to subsurface soil in the vicinity of the dropper under W1 and W2. Moreover, Cr primarily accumulated in surface soil and deep soil away from the dropper. The results also revealed that migration of Cr was more obvious under higher irrigation Moreover, lower irrigation water amount promoted Zn horizontal migration away from the dropper area. In contrast, higher irrigation water amount usually induced downward migration of Zn near the dropper area. In summary, the migration characteristics of the determined metals were usually affected by drip irrigation. Cr, Ni, Pb, and Zn were leached to subsurface soil in a small area under the dropper. Cd and Cu moved to the surface soil under lower irrigation water amounts, while they were leached under higher irrigation water amounts. In addition, metals usually accumulated in surface soil and deep soil away from the dropper under lower irrigation water amounts. However, Cr, Cu, Pb, and Zn usually accumulated in subsurface soil and deep soil near the dropper under higher irrigation water amounts. Away from the dropper, Cd, Cr, Pb, Ni, and Zn obviously migrated to surface soil and deep soil.
The migration of metals might be significantly associated with water spreading. Ajwa and Trout (2004) reported that pesticides applied through a drip irrigation system were usually distributed through the soil by the infiltrating water, with little movement beyond the wetted area. In the present study, lower irrigation water amount significantly affected horizontal migration of heavy metals, while higher irrigation water amount usually influenced vertical movement of heavy metals. This might be attributed to water spreading. The spread of water from drip sources is generally affected by various soil physical properties, irrigation water amount, evaporation, and other factors (Cote et al. 2003; Thorburn et al. 2003; Gärdenäs et al. 2005) . The movement of soil moisture in the horizontal direction expanded with increasing irrigation water amount. Additionally, the water infiltration depth was positively associated with irrigation water amount (Chen et al. 2010) . However, these factors were not investigated in the present study. Moreover, the relationships between bioavailability of heavy metal, soil chemical and physical properties, and drip irrigation were not discussed. Therefore, future studies investigating the factors impacting the migration and bioavailability of heavy metals as well as changes in soil chemical and physical properties under drip irrigation are warranted. 
Conclusions
The results of the present study revealed that the mean concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in surface soils varied significantly between W1 and W2, as well as among different distances from the dropper. With the exception of Zn, the mean concentrations of the other metals varied slightly between surface soil and deep soil under both W1 and W2. The cultivated soil was contaminated with Cr, Cd, and Cu. These findings indicated that drip irrigation affected the distribution and migration of heavy metals in soil. The migration characteristics of heavy metals were significantly influenced by irrigation water amount. However, the factors impacting the migration of heavy metals, their bioavailability, and the changes in soil chemical and physical properties under drip irrigation should be further investigated.
